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ABSTRACT 

A p r o c e d u r e  is  o u t l i n e d  f o r  c o m p u t i n g  the  p e r f o r m a n c e  
of t w o - s t a g e ,  l i g h t - g a s  l a u n c h e r s  u s i n g  h e l i u m  as  a p r o p e l -  
lan t .  The  e f f ec t s  of the  p h y s i c a l  v a r i a b l e s ;  g e o m e t r y ,  p i s t o n  
m a s s ,  and  p r e s s u r e s ,  a r e  d i s c u s s e d .  Des ign  c r i t e r i a  a r e  
e s t a b l i s h e d  fo r  a l a r g e  l a u n c h e r  which  wi l l  be bui l t  f o r  the  
A r n o l d  C e n t e r  (AFSC) b a l l i s t i c  r a n g e  f ac i l i t y .  T h e o r e t i c a l  
p e r f o r m a n c e  c u r v e s  a r e  i n c l u d e d  as  wel l  as  e x p e r i m e n t a l  
r e s u l t s  ob t a ined  f r o m  two s m a l l  l a u n c h e r s .  
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NOMENCLATURE 

A 

a 

C,.~ 
Cv 

d 

e 

m 

P 

9 

T 

t 

U 

Uo 

V 

y 

P 

SUBSCRIPTS 

f,, 

F 

f 

L 

M 

0 

P 

n 

Cross-section area 

Acoustic speed 

Dimensionless piston mass parameters 

Constant volume specific heat 

Diameter 

Internal energy 

L e n g t h  

M a s s  

P r e s s u r e  

D i s t a n c e  

T e m p e r a t u r e  

T i m e  

V e l o c i t y  

R e f e r e n c e  l a u n c h  ve loc i ty ,  no c h a m b r a g e ,  in f in i t e  
c h a m b e r  l e n g t h  

V o l u m e  

Rat io  of s p e c i f i c  h e a t s  

D e n s i t y  

C h a m b e r  

F i n a l  s t a t e  in pump  tube  

F o r w a r d  f ace  of p i s t o n  

L a u n c h  tube 

P r o j e c t i l e  

S t a n d a r d  

P i s t o n  o r  pump  tube 

R e a r  f ace  of p i s t o n  
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t~ S 

1 

2 

3 

4 

P a r t i a l  d e r i v a t i v e s  

A h e a d  of i n c i d e n t  s h o c k  

B e h i n d  i n c i d e n t  s h o c k  

B e h i n d  f i r s t  r e f l e c t e d  s h o c k  

B e h i n d  f i r s t  s h o c k  r e f l e c t e d  f r o m  p i s t o n  f a c e  i 

DIMENSIONLESS COORDINATES 

n o r m a l  s h o c k s  

i P F  AL s 

m M aF a 

PFALt 
mM aF 

u / a  F 

a/a F 

P/PF 

PF, aF 

mM 

In i t i a l  c h a m b e r  c o n d i t i o n s ,  
f i na l  s t a t e  in p u m p  tube  

P r o j e c t i l e  m a s s  

c o r r e s p o n d i n g  to 
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INTRODUCTION 

C o n s t r u c t i o n  was  begun in 1960 at the  AEDC of a 1000- f t - l ong ,  
v a r i a b l e  p r e s s u r e ,  b a l l i s t i c  r a n g e  to be u s e d  in  d e v e l o p m e n t a l  t e s t i n g  
of f l igh t  v e h i c l e  m o d e l s .  The  m a j o r  advan tage  of the  a e r o d y n a m i c  
b a l l i s t i c  r a n g e  l i e s  in  i t s  c a p a b i l i t y  in  r e p r o d u c i n g  the e n v i r o n m e n t  of 
v e r y  h i g h - s p e e d  f l igh t ,  i. e . ,  f l igh t  Mach  n u m b e r s  in  e x c e s s  of about  
10, when  d i s s o c i a t i o n  of the  a i r  o c c u r s  in the v i c i n i t y  of the  body. H e r e  
it i s  n e c e s s a r y  not only to dup l i ca t e  f ight  Mach  n u m b e r s ,  but a l s o  ac tua l  
f l igh t  s p e e d s ,  s t a g n a t i o n  p r e s s u r e ,  and t e m p e r a t u r e .  The  l i g h t - g a s  gun 
type  of l a u n c h e r  i s  the  only p r e s e n t l y  deve loped  me thod  of ob ta in ing  the 
r e q u i r e d  v e l o c i t i e s  in the  r ange .  H y d r o g e n  or  h e l i u m  is  u s e d  as  the  
p r o p e l l a n t  a f t e r  it i s  h e a t e d  by one or  m o r e  of the  fo l lowing  m e t h o d s :  
(a) r e a c t i o n  of a c o m b u s t i b l e  m i x t u r e  of g a s e s  wi th in  the p r o p e l l a n t ,  
(b) a d i a b a t i c  c o m p r e s s i o n  wi th  o r  wi thout  a p p r e c i a b l e  shock  wave  
hea t i ng ,  and (c) d i s c h a r g e  of an e l e c t r i c  a r c  wi th in  the p r o p e l l a n t .  
E x p e r i m e n t a t i o n  wi th  e x a m p l e s  of a l l  t h e s e  s y s t e m s  has  been  conduc ted  
at AEDC. The  e x p e r i e n c e  of the  NASA A m e s  R e s e a r c h  C e n t e r ,  Naval  
O r d n a n c e  L a b o r a t o r y ,  the C a n a d i a n  A r m a m e n t  R e s e a r c h  and D e v e l o p -  
m e n t  E s t a b l i s h m e n t ,  and the A i r  P r o v i n g  Ground  has  been  d r a w n  upon 
in dec id ing  on an i n i t i a l  l a u n c h i n g  s y s t e m  fo r  the  l a r g e  r ange .  The  
only  s y s t e m  which  shows  r e a s o n a b l e  p r o m i s e  of p r o v i d i n g  the r e q u i r e d  
p e r f o r m a n c e  ( l aunch  v e l o c i t i e s  in e x c e s s  of 20 ,000  f t / s e c )  wi th in  the 
a v a i l a b l e  t i m e  fo r  d e s i g n  and f a b r i c a t i o n  is  one d e v e l o p e d  at the  A m e s  
R e s e a r c h  C e n t e r  (Ref. 1). A f r e e - p i s t o n ,  shock  and c o m p r e s s i o n  h e a t -  
ing  cyc l e  in  a t w o - s t a g e  c o n f i g u r a t i o n  has  y i e l d e d  v e l o c i t i e s  in e x c e s s  of 
26 ,000  f t / s e c  for  l i gh t  p r o j e c t i l e s .  

The  e l e c t r i c - a r c  h e a t i n g  p r i n c i p l e ,  a l though  hav ing  s a t i s f a c t o r y  
t h e o r e t i c a l  p e r f o r m a n c e ,  h a s  not ye t  r e a c h e d  the  s t a g e  of d e v e l o p m e n t  
fo r  p r a c t i c a l  d e s i g n  p r i m a r i l y  b e c a u s e  of c o n t a m i n a t i o n  of the  p r o p e l l a n t  
du r ing  d i s c h a r g e .  

The  use  of a c o m b u s t i b l e  m i x t u r e  of h y d r o g e n - o x y g e n - h e l i u m  in a 
s i n g l e  s t a g e  does  not p r o d u c e  h igh  enough l a u n c h  v e l o c i t i e s ,  and in  
shock  hea t i ng  c y c l e s ,  d i f f i c u l t i e s  wi th  p r e - i g n i t i o n  and de tona t i on  d i s -  
c o u r a g e  the  a t t e m p t  to bui ld  a l a r g e - s c a l e  l a u n c h e r  u t i l i z i n g  H~-C~ 
c o m b u s t i o n  as  a s o u r c e  of e n e r g y .  The  u s e  of g u n p o w d e r  - h e a t e d  
h e l i u m  i s  c o n s i d e r e d  the  m o s t  p r a c t i c a l  d r i v e r  fo r  a p i s t on  in a l a r g e  
2 - s t a g e  l a u n c h e r . '  

M a n u s c r i p t  r e l e a s e d  by a u t h o r s  May  1961. 
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The fo l lowing  l i g h t - g a s  l a u n c h e r s  have  been  u s e d  at AEDC to ob ta in  
da ta  upon which  the  l a r g e  l a u n c h e r  d e s i g n  has  b e e n  based :  (a) a 2 0 - m m ,  
e l e c t r i c - a r c  h e a t e d  c o n f i g u r a t i o n  o p e r a t e d  with a 4 - m e g a j o u l e ,  i nduc t ive  
s t o r a g e  p o w e r  supply ,  (b) a 4 0 - m m ,  H , - 0 , - l l e  c o m b u s t i o n - h e a t e d ,  
s i n g l e - s t a g e  l a u n c h e r  Of Naval  O r d n a n c e  L a b o r a t o r y  des ign ,  and (c) a 
2 0 - m m  or  0 . 5 - i n .  c a l i b e r ,  t w o - s t a g e  c o n f i g u r a t i o n  us ing  the  c o m b u s t i o n  
h e a t e d  l a u n c h e r  as the  f i r s t  s t age .  Th i s  l a t t e r  was  o p e r a t e d  wi th  two 
l e n g t h s  of 4 0 - m m  pump tube.  

The  t w o - s t a g e  c o n f i g u r a t i o n  c o n s i s t s  of a c h a m b e r  con ta in ing  the  
f i r s t  s t age  p r o p e l l a n t  which  d r i v e s  a f r e e  p i s t on  t h r o u g h  the  pump tube.  
H e l i u m  or  h y d r o g e n  is h e a t e d  by shock  waves  and c o m p r e s s i o n  a h e a d  
of the  p i s ton ,  f o r m i n g  the  s e c o n d - s t a g e  p r o p e l l a n t  wh ich  d r i v e s  the  p r o -  
j e c t i l e  t h r o u g h  the  l aunch  tube.  T h e r e  is  a pauc i ty  of i n f o r m a t i o n  in the  
l i t e r a t u r e  upon which  a d e s i g n  o p t i m i z a t i o n  can  be based .  E v e n  the  e f -  
f e c t s  of such  f u n d a m e n t a l  phys i ca l  v a r i a b l e s  as p i s ton  m a s s ,  pump tube 
c h a r g e  p r e s s u r e ,  pump tube d i m e n s i o n s ,  and p i s ton  v e l o c i t y  have  not 
been  t r e a t e d  excep t  t h r o u g h  i n f o r m a l  c o m m u n i c a t i o n s .  

It was  c o n s i d e r e d  e s s e n t i a l  that  a s y s t e m a t i c  c a l c u l a t i o n  p r o c e d u r e  
be d e v e l o p e d  which  would i n c o r p o r a t e  al l  the  known v a r i a b l e s  and would  
p r o v i d e  fo r  the  i n t r o d u c t i o n  of w h a t e v e r  e m p i r i c a l  da ta  w e r e  ava i l ab le .  
The  f a b r i c a t i o n  of a l a r g e - s c a l e  l a u n c h e r  is e x p e n s i v e  and m o d i f i c a t i o n  
is t i m e  c o n s u m i n g ;  t h e r e f o r e ,  it was  c o n s i d e r e d  d e s i r a b l e  to a r r i v e  at 
as c l o s e  to an o p t i m u m  d e s i g n  as p o s s i b l e .  In Ref.  2, s e v e r a l  a s p e c t s  
of t w o - s t a g e  l a u n c h e r  d e s i g n  a r e  c o n s i d e r e d  f r o m  the  t h e o r e t i c a l  point  
of v iew:  m u l t i p l e  shock  c o m p r e s s i o n ,  p i s t on  v e l o c i t y ,  and the  e f fec t  of 
c h a m b e r  g e o m e t r y  on l aunch  v e l o c i t y  us ing  h e l i u m  as a p rope l l an t .  
T h e r e  r e m a i n e d  to be d e t e r m i n e d  the  e f fec t s  of g e o m e t r y  and p i s t on  
m a s s  on s t r u c t u r a l  weight  and l aunch  v e l o c i t y  in  a c o m p l e t e  l a u n c h  
s y s t e m .  

In a r r i v i n g  at a de s ign ,  it was  a s s u m e d  tha t  su f f i c i en t  p e r f o r m a n c e  
for  the  in i t i a l  l a u n c h e r  would be such  that  a o n e - c a l i b e r  long,  l igh t  
p l a s t i c  c y l i n d e r  {spec i f ic  g r a v i t y  1. 15) could  be l a u n c h e d  f r o m  a 
2 0 0 - c a l i b e r - l o n g  l a u n c h  tube at 25 ,000 f t / s e c  us ing  h e l i u m  as a p r o -  
pe l lan t .  It was d e s i r e d  that  the  l a r g e s t  p o s s i b l e  d i a m e t e r  l a u n c h  tube 
be u s e d  in o r d e r  that  winged  o r  s u b - c a l i b e r  m o d e l s  could  be l a u n c h e d  
wi th in  the  weight  l i m i t a t i o n  a s s u m e d .  Since  the  p e r f o r m a n c e  is  n e a r l y  
i n d e p e n d e n t  of s i z e ,  the  u p p e r  l i m i t  of d i m e n s i o n s  was  e x p e c t e d  to be 
f ixed  by cos t ,  the  d i s t a n c e  b e t w e e n  a l r e a d y  i n s t a l l e d  founda t ions ,  s p a c e  
in the  l a u n c h  r o o m ,  o r  ava i l ab i l i t y  of e x c e s s  gun tubes  w h i c h  cou ld  be  
used .  

10 
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IDEAL PERFORMANCE OF THE TWO-STAGE SYSTEM 

The  fo l lowing  s i m p l i f i e d  m o d e l  of the  t w o - s t a g e  l a u n c h e r  s y s t e m  is  
a s s u m e d  as  a f i r s t  a p p r o x i m a t i o n  to e s t i m a t e  the  p e r f o r m a n c e .  In i t i a l  
c ond i t i o ns  in the  c h a m b e r  a r e  s u c h  tha t  the  p i s t on  a r r i v e s  n e a r  the  end of 
the  pump  tube wi th  a v e l o c i t y  g i v e n  by c o n v e n t i o n a l  i n t e r i o r  b a l l i s t i c  
t h e o r y .  A shock  is d r i v e n  a h e a d  of the  p i s t o n  w h i c h  r e f l e c t s  f r o m  the  end 
of the  pump  tube  and  f r o m  the  p i s t o n  face .  C o m p r e s s i o n  a f t e r  the  t h r e e  
s h o c k  p a s s a g e s  is  t a k e n  to  be i s e n t r o p i c  to a f ina l  s t a t e  w h i c h  r e s u l t s  
f r o m  c o n v e r s i o n  of the  k i n e t i c  e n e r g y  of the  p i s t o n  into an i n c r e a s e  of the  
i n t e r n a l  e n e r g y  of the  c o m p r e s s e d  gas  in the  pump  tube.  T h i s  gas  is the 
p r o p e l l a n t  wh ich  d r i v e s  the  p r o j e c t i l e  t h r o u g h  the  l a u n c h  tube.  It i s  
i m p l i e d  tha t  the  p i s t on  c o m e s  to r e s t  b e f o r e  the  p r o j e c t i l e  s t a r t s  and tha t  
it s t a y s  f ixed  d u r i n g  p r o j e c t i l e  mo t ion .  In the  fo l lowing  s e c t i o n ,  s e m i -  
e m p i r i c a l  l i m i t s  a r e  i m p o s e d  to r e s t r i c t  the  i n i t i a l  m o t i o n  of the  p r o j e c -  
t i l e  and to l i m i t  a f a l l i ng  p r e s s u r e  r e s u l t i n g  f r o m  the  r e v e r s a l  of a 
l i gh t  p i s ton .  An idea l  gas  is a s s u m e d  (y = c o n s t . )  , and no l o s s e s  t h r o u g h  
f r i c t i o n  o r  hea t  t r a n s f e r  a r e  a d m i t t e d .  

COMPRESSION PROCESS IN A PUMP TUBE 

When gas  in s t a t e  (1) ( s ee  F ig .  1) is  d r i v e n  a h e a d  of a r e l a t i v e l y  fas t  
m o v i n g  p i s ton ,  a shock  wave  r u n s  a h e a d  of the  p i s ton .  The  p r e s s u r e  
r a t i o  a c r o s s  the  s h o c k  wave  is r e l a t e d  to the  p i s t o n  v e l o c i t y  by 

2 

+ 

Y 

and the  t e m p e r a t u r e  r a t i o  is g i v e n  by 

P2 T Pl / l y l  
T~ P2 y - 1 y + 1 

+ 
P~ y +  I 

If the  end of the  p u m p  tube  is  d o s e d ,  the  s h o c k  wi l l  r e f l e c t  l e a v i n g  a 
s t a t e  (3) of h i g h e r  p r e s s u r e  and t e m p e r a t u r e  and z e r o  v e l o c i t y .  T h i s  
r e f l e c t e d  s h o c k  wi l l  a g a i n  r e f l e c t  f r o m  the  p i s t on  f a c e ,  wh ich  is  a s s u m e d  
to be t r a v e l i n g  at  i ts  o r i g i n a l  s p e e d ,  r e s u l t i n g  in the  cond i t i ons  (4) 
(Fig .  1 f o r  h e l i u m ) .  F o r  an i n f i n i t e l y  m a s s i v e  p i s ton ,  the s h o c k  wave  

11 
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will  cont inue  to be r e f l e c t e d  f r o m  the  end of the  pump tube and p i s t o n  
face.  T h e s e  s h o c k s  have  in c o m m o n  the  v e l o c i t y  change  a c r o s s  t h e m  
equa l  to the  p i s t on  s p e e d ,  Up. H o w e v e r ,  s i n c e  the a c o u s t i c  s p e e d  is 
con t inuous ly  i n c r e a s i n g ,  the  shock  Mach n u m b e r  b e c o m e s  p r o g r e s s i v e l y  
s m a l l e r ,  the  shock  c o m p r e s s i o n  a p p r o a c h e s  an i s e n t r o p i c  p r o c e s s ,  and 
the  d i f f e r e n c e  b e t w e e n  shock  and i s e n t r o p i c  c o m p r e s s i o n  a f t e r  the  f i r s t  
t h r e e  shock  t r a n s i t s  is  v e r y  s m a l l .  When the p i s ton  .mass  is  f in i t e ,  the  
shock  f i r s t  r e f l e c t e d  f r o m  it w e a k e n s  as a r e s u l t  of the p i s t o n ' s  d e c e l e r a -  
t ion ,  t h e r e b y  i n s u r i n g  an e v e n  m o r e  n e a r l y  i s e n t r o p i c  p r o c e s s  d u r i n g  
the  f inal  c o m p r e s s i o n  s t age .  F i g u r e  2 shows  the  c o m p r e s s i o n  p r o c e s s  
fo r  m u l t i p l e  s h o c k s  (up to 6) with cons t an t  p i s t on  s p e e d  and a l s o  shows  
c o m p r e s s i o n  t h r o u g h  t h r e e  s h o c k s  fo l lowed  by an i s e n t r o p i c  c o m p r e s -  
s i o n  to the  s a m e  p r e s s u r e  as ob ta ined  with the  6 - s h o c k  c o m p r e s s i o n .  
Th i s  c o n s i d e r a t i o n  l e a d s  to the  fo l lowing  s i m p l e  r e l a t i o n  b e t w e e n  shock  
and i s e n t r o p i c  c o m p r e s s i o n  for  pump tubes :  

T4 

TFShock = Ts = f u/__~s / 
TF lsentropic )' - 1 

shown in Fig .  3 fo r  h e l i u m .  
T h e r e f o r e ,  if the  f inal  p r e s s u r e  can be d e t e r m i n e d  fo r  a g i v e n  p i s t on  
ve loc i ty ,  the  f inal  s t a t e  (F) of the  gas  in the  pump wil l  be known (Ref. 2). 

FINAL PRESSURE IN THE PUMP TUBE 

The wave  p lane  ( d i s t a n c e - t i m e )  r e p r e s e n t a t i o n  of the  pump tube 
shows  the r e l a t i o n s h i p  g r a p h i c a l l y :  

t I 
P i s t o n  ' I 

~Paths 0 
Reg ion  (1) is the  u n d i s t u r b e d  gas  in the  pump tube,  (2) is  a s s u m e d  to be 
u n i f o r m  in the  p r e s e n t  q u a s i - s t e a d y  a n a l y s i s ,  (3) r e s u l t s  when  the 
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s h o c k  is r e f l e c t e d  f r o m  the  p u m p  tube  end,  and (4) f r o m  the  p i s t o n  f ace .  
In r e a l i t y  r e g i o n  (2) is  not u n i f o r m  as can  be s e e n  f r o m  the  p a r t i c l e  
pa ths  - -  the  c o m p r e s s i o n  c o r r e s p o n d s  to the i n c i d e n t  shock  at the  f ron t  
of the  r e g i o n ,  w h e r e a s  it is  i s e n t r o p i c  at the p i s t o n  face .  L igh t  p i s t o n  
we igh t  and long  p u m p  tube l e n g t h  g ive  b e t t e r  c o n f o r m i t y  to the  q u a s i -  
s t e a d y  a s s u m p t i o n .  A fined s t a t e  (F) is a t t a i n e d  when  the  p i s t o n  c o m e s  
to r e s t .  

It i s  a s s u m e d  (a) tha t  the  d r i v e n  gas  u n d e r g o e s  an e n t r o p y  change  
c o r r e s p o n d i n g  to the  shock  c o m p r e s s i o n s  to s t a t e  (4) fo l l owed  by an 
i s e n t r o p i c  c o m p r e s s i o n  to the  f ina l  s t a t e  (F) and (b) tha t  the  k i n e t i c  
e n e r g y  of the  p i s t on  is  equa l  to the  change  in in t e rned  e n e r g y  f r o m  the  
r e s t  s t a t e  (3) to the  fined s t a t e  (F). Th i s  i s  

__L_I mpupa __ A e  -- Cv(Tr - T,)p~ Ap,gp  
9_ 

I s e n t r o p i c  c o m p r e s s i o n  f r o m  (4) to (F),  

m -  

TF _ PF 

T4 

y - z  
y 

T h e n  

mp Up ~ 

2 Pl Ap,~ p f/y-' 1 PF ' Y "F! 
= Cv T, ~ T4" 

o r  

and  

P4 2 C v T 4 P ' I A p g p  T4 

y 

2 y_ l 1 PF P4 y - 1  ~ k a l /  + = f ~] 

TI 

w h e r e  the d i m e n s i o n l e s s  p i s t o n  m a s s  (M) is d e f i ned  as  

~ mp a l  2 

P1Ap ~p 

w h i c h  is p r o p o r t i o n e d  to the  r a t i o  of p i s t o n  m a s s  to pump  tube  c h a r g e  
m a s s .  
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The above r e l a t i o n  b e t w e e n  f inal  p r e s s u r e ,  p i s ton  ve loc i ty ,  and 
p i s ton  m a s s  p e r m i t s  the  c o n s t r u c t i o n  of a g e n e r a l  pump tube p e r f o r m -  
ance  cha r t  in which  the  f inal  p r e s s u r e  r a t i o  and a c o u s t i c  s p e e d  a r e  
func t ions  of p i s ton  m a s s  and v e l o c i t y  (Fig.  4a). F i g u r e  4b is the r a t i o  
of f inal  to in i t i a l  v o l u m e  in the pump tube.  

TF 
VF Tt 

V x PF  
Pt 

The f inal  v o l u m e  is a c h a m b e r  fo r  the l aunch  tube and will  t h e r e f o r e  
a d v e r s e l y  in f luence  the  p r o j e c t i l e  v e l o c i t y  if it is  be low a m i n i m u m  
amount .  

PISTON VELOCITY 

In Ref. 2, the  m e t h o d  fo r  e s t i m a t i n g  the  v e l o c i t y  of a p i s t on  in the  
pump tube is  deve loped .  The  c h a m b e r  is  a s s u m e d  to be l a r g e  enough 
to p e r m i t  c o m p u t a t i o n  of the  p i s ton  r e a r  f ace  p r e s s u r e  f r o m  the  u n s t e a d y  
f low a n a l y s i s  fo r  n o - c h a m b r a g e ,  inf in i te  c h a m b e r  l eng th  g e o m e t r y .  In 
d i m e n s i o n l e s s  f o r m  th i s  is  

2y 

I I y-1 PR = 1 y - 1 ~ p  
2 

PR = PR Up 
P c and u P ffi a c  

w h e r e  the  s u b s c r i p t  (c) r e f e r s  to c h a m b e r  cond i t ions .  

The  f o r w a r d  face  p r e s s u r e  is g i v e n  by 

ffi + 2 ax x2 ~t + + 

The  s u b s c r i p t  (1) r e f e r s  aga in  to the u n d i s t u r b e d  cond i t ions  ahead  of the  
p is ton .  T h e n  the  p i s ton  v e l o c i t y - t r a v e l  r e l a t i o n s h i p  is g iven  by the  
i n t e g r a l ,  

UP ~ d ~  

- so 
w h e r e  

- Pc  A p s  

s p = mp ac a 

14 



AEDC-TR.61.6 

The  d i m e n s i o n l e s s  p i s ton  s p e e d - d i s t a n c e  func t ion  is g iven  in Fig.  5 fo r  
a c h a m b e r  p r o p e l l a n t  d e r i v e d  f r o m  1 0 0 - p e r c e n t  c o m b u s t i o n  of h y d r o g e n  
and oxygen in h e l i u m ,  the m i x t u r e  be ing  3H2 + 02 + 811e (Ref. 3). 

Us ing  the  p i s t on  ve loc i t y  ob ta ined  f r o m  the  fo r ego ing ,  it is p o s s i b l e  
to obta in  a n o t h e r  f o r m  of the  g e n e r a l i z e d  pump tube p e r f o r m a n c e  c u r v e s  
m o r e  su i t ab le  fo r  the  p r e s e n t  p u r p o s e ,  i. e . ,  o p t i m i z a t i o n  of the  c o m -  
p le te  l aunch  s y s t e m .  The  f inal  p r e s s u r e  and a c o u s t i c  v e l o c i t y  in the  
pump tube w e r e  shown to be func t ions  of p i s ton  s p e e d  (up/a~) and m a s s  
p a r a m e t e r  (M) By def in ing  a n o t h e r  m a s s  p a r a m e t e r :  

2 
a I mp 

P c  Ap dp 
Cffi 

s o m e  of the  p h y s i c a l  v a r i a b l e s  a r e  b rough t  out m o r e  d i s t inc t ly .  

p i s t on  d ens i t y  is mp 

w h e r e  

Ap dp 

The  

and the  pump tube f i n e n e s s  r a t i o  is \,,!(~'lp 

U p  R° 
= f. _ ( ~ p )  

al. a A 

~P ffi C 

(piston travel = pump tube length) 

and t h e r e f o r e ,  

P t Po - -F; \ r '--C, -- f\ Vo c 

for fixed al/ac Figure 6 shows these functions for a pump tube charge 
temperature of 300°K and chamber acoustic velocity of 7150 ft/sec, which 
corresponds to the I[2 -Oa-[le combustion products. When the chamber 
p r e s s u r e  is  a s s u m e d  to be f ixed by p r a c t i c a l  c o n s i d e r a t i o n s ,  the  e f f ec t s  
of v a r y i n g  p i s ton  m a s s  and pump tube in i t i a l  c h a r g e  p r e s s u r e  (PI) a r e  
c l e a r l y  ev ident .  The  h igh  p r e s s u r e s  that  o c c u r  when  p i s t on  m a s s  is l a r g e  
or  c h a r g e  p r e s s u r e  low have  b e e n  o b s e r v e d  by al l  t hose  who have  e x p e r i -  
m e n t e d  wi th  th i s  type of l a u n c h e r .  It is to be e x p e c t e d  that  low p i s ton  
weigh t  wi l l  p r o d u c e  h i g h e r  p r o j e c t i l e  v e l o c i t i e s  fo r  a l i m i t i n g  l e v e l  of 
f inal  p r e s s u r e .  F i g u r e  6 is  p o s s i b l e  b e c a u s e  of the  unique  r e l a t i o n  b e -  
t w e e n  c h a m b e r  p r e s s u r e  and a c o u s t i c  speed .  F o r  o t h e r  t y p e s  of f i r s t  
s t a g e s  (gunpowder  - h e l i u m  for  i n s t ance ) ,  f ina l  cond i t ions  m u s t  be d e t e r -  
m i n e d  as in  Fig.  4. 
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LAUNCH TUBE PERFORMANCE 

The  v e l o c i t y  of the p r o j e c t i l e  when  it l e a v e s  the e v a c u a t e d  l a u n c h  
tube d e p e n d s  upon the  s t a t e  of the  gas  c o m p r e s s e d  in the  pump  tube ,  
the  g e o m e t r y  of the  l a u n c h  tube ,  and f i na l  v o l u m e .  F o r  a f ixed  g e o m e =  
t r y ,  the  fo l lowing  d i m e n s i o n l e s s  p a r a m e t e r s  d e s c r i b e  l a u n c h  p e r f o r m -  
ance :  

UM = U~M = f (SL)  (model veloci ty  at l aunch)  
a F 

~L = P F A L  t = f (iI~) (time in launch tube) 
m M a F 

where the dimensionless distance is given by 

~L = PF AL ~L 

m M aF ~ 

A simple reference case which has a closed form solution for ~ and "[ 
is possible when the chamber is infinitely long and has the same diame- 
ter as the launch tube. This is the same as for the piston discussed be- 
fore except that the forward face pressure ( P~ ) is zero. 

_3_7s t _ f~  ~dU 2 y+1 2 ] ),-I 
s=., 2y -- y -  1 y + l  + 

°E ] [ ] 1 y - I  ~ y - I  y - 1  ~ y - 1  
2 1 2 

and 

-~ 2" 
= f d~ -- y+ 1 2 

Jo 2)/ ) , + 1  y + l  

( s e e  F ig .  7) 
T h e  m o r e  g e n e r a l  c a s e  fo r  w h i c h  the  c h a m b e r  l e n g t h  is  f in i t e  and i ts  
d i a m e t e r  i s  l a r g e r  t han  the  l a u n c h  tube  is  t r e a t e d  in Ref.  2. The  m e t h o d  
of c h a r a c t e r i s t i c s  was  u s e d  to ob ta in  s o l u t i o n s  a p p l i c a b l e  to h e l i u m  as  a 
p r o p e l l a n t  fo r  c h a m b r a g e  ( r a t i o  of c h a m b e r  a r e a  to l a u n c h  tube  a r e a )  of 
1 and  4 and v a r i o u s  c h a m b e r  l e n g t h s .  T h e  r e s u l t s  a r e  s u m m a r i z e d  in 
Fig .  8 as  the  e f fec t  of c h a m b e r  v o l u m e  to l a u n c h  tube  v o l u m e  on the  
l a u n c h  v e l o c i t y  n o r m a l i z e d  to the  r e f e r e n c e  v e l o c i t y  in F ig .  7. C o r r e -  
spond ing  to the  pump  tube  f inal  a c o u s t i c  v e l o c i t y  and p r e s s u r e ,  the  
r e f e r e n c e  v e l o c i t y  of l a u n c h  can  be d e t e r m i n e d  f r o m  Fig.  7, and the 
c o r r e c t i o n  of Fig .  8 app l i ed  fo r  the r a t i o  of f ina l  v o l u m e  to l a u n c h  tube  
v o l u m e .  It wi l l  be o b s e r v e d  tha t  the  e f f e c t s  of c h a m b r a g e  and f in i t e  
c h a m b e r  l e n g t h  n e a r l y  c o m p e n s a t e  fo r  e a c h  o t h e r  when  the  c h a m b e r  
v o l u m e  is he ld  f ixed.  
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FACTORS INFLUENCING ACTUAL PERFORMANCE 

The  idea l  p e r f o r m a n c e  of the  t w o - s t a g e  l a u n c h e r  d i s c u s s e d  in the  
p r e v i o u s  s e c t i o n  n e g l e c t s  two m a j o r  e f f ec t s  w h i c h  t end  to r e d u c e  the  
ac tua l  v e l o c i t y  be low the  c a l c u l a t e d .  F i r s t ,  t he  p i s ton  has  been  a s s u m e d  
to c o m e  to r e s t  and s t ay  f ixed  b e f o r e  the  p r o j e c t i l e  s t a r t s  to m o v e .  If 
the  p i s t o n  has  a low m a s s  r e l a t i v e  to the  p r o j e c t i l e ,  it wi l l  r e v e r s e  i ts  
d i r e c t i o n  and c a u s e  a d rop  in p r e s s u r e  d r i v i n g  the  p r o j e c t i l e .  The  s e c o n d  
f a c t o r  tha t  m a y  a d v e r s e l y  a f fec t  l a u n c h  v e l o c i t y  is the  r e s u l t  of the  p r o -  
j e c t i l e t s  hav ing  m o v e d  f a r  down the  l a u n c h  tube  b e f o r e  the pump tube  p r e s -  
s u r e  r e a c h e s  a m a x i m u m .  In o r d e r  to avo id  b r e a k - u p  of the  p r o j e c t i l e  if 
it w e r e  s u b j e c t e d  to the  peak  p r e s s u r e ,  it is  u s u a l l y  r e s t r a i n e d  by a l i gh t  
s h e a r  d i a p h r a g m  w h i c h  f a i l s  when  the  f i r s t  s h o c k  r e f l e c t s  f r o m  the  pump  
tube  end.  A l o w e r  b a s e  p r e s s u r e  r e s u l t s  wi thout  s e r i o u s  l o s s  in p r o p e l -  
l i ng  w o r k  if the  in i t i a l  p r o j e c t i l e  t r a v e l  is  only  a s m a l l  f r a c t i o n  of the  
l a u n c h  tube l eng th .  T h e s e  e f f ec t s  a r e  s h o w n  q u a l i t a t i v e l y  on the fo l lowing  
s - t  p l ane  

t 

i P i s t o n  

I 

S - 4 ~  

I I o 
C h a m b e r  , = , =  P u m p  Tube  _ i _  = v I-- L a u n c h  T ube- - -~  

The  r i g o r o u s  s o l u t i o n  of the  above  m o t i o n s  is  p r o h i b i t i v e l y  c o m p l e x ,  and 
an e m p i r i c a l  a p p r o a c h  is r e s o r t e d  to,  b a s e d  upon o p e r a t i n g  e x p e r i e n c e  
wi th  th i s  type  of l a u n c h e r  and s i m p l e  p h y s i c a l  m o d e l s .  E x p e r i m e n t a l  
da t a  a r e  a v a i l a b l e  f o r  a v a r i e t y  of p i s t on  and p r o j e c t i l e  m a s s e s  wh ich  
g ive  an i n s i g h t  in to  the p i s ton  r e v e r s a l  e f f ec t  and  f o r  two p u m p  tube  
l e n g t h s  w h i c h  show the  e f fec t  of in i t i a l  p r o j e c t i l e  mot ion .  
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PISTOH REVERSAL (Piston Moss Parameter) 

F o r  the d e r i v a t i o n  of a p a r a m e t e r  a s s o c i a t e d  wi th  the  p i s ton  r e v e r s a l  
e f fec t ,  the  fo l lowing  mode l  is  used:  

F i n a l  P o s i t i o n  

The  p i s t on  is c o n s i d e r e d  to be a c c e l e r a t i n g  back  u n d e r  the in f luence  of 
the f ina l  p r e s s u r e  (PF) and the  m o t i o n  of the pro. iect f le  a s s u m e d  not to  
a f fec t  the p r e s s u r e .  The  e a r l y  s t a g e s  of m o t i o n  a r e  g iven  by the  d i m e n -  
s i o n l e s s  t i m e  and d i s t a n c e  func t ions  of Fig .  7 (Ref. 2). 

mp a~ a f ~"~2~PF Ap ) Sp MM 

and the  p r o j e c t i l e  m o t i o n  is g iven  by 

mM aFz f P~----- AL t~  SM PF A L ~m M af / 
It is  d e s i r a b l e  to r e f e r  the  p i s ton  m o t i o n  to the n o n - d i m e n s i o n a l  p r o -  
j e c t i l e  m o t i o n  def ined  by 

i ,= PF AL s and "~ ffi PF AL t 
m M aF z m M aF 

T hen  °p,L, Im Ap 
~p m m M Ap A L 

w h e r e  f ffi ~(~) (Fig.  7) 
C o n s i d e r i n g  the p r e s s u r e  decay  of the  p i s ton  face ,  

2), 
Pt~ I i  y -  1 U p ] Y -  1 
PF 2 a F 

w h e r e  

U ~  -- f I P F  AP 1 ImM AP pl 
af mpaf "~ Sp = f ~ m p  A L ~ 

w h e r e  f = ~ ( i )  (Fig.  7) 
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~.mp A L 
It is ev id en t  that  the  c o n t r o l l i n g  f a c t o r  is  the p a r a m e t e r  ~ m~-~p~ In 

Fig .  9, the  p r e s s u r e  d rop  and r e l a t i v e  m o t i o n  of p i s t on  and p r o j e c t i l e  
a r e  shown for  a r a n g e  of m a s s  p a r a m e t e r  typ ica l  of t w o - s t a g e  l a u n c h e r s .  
T h e s e  r e s u l t s  m u s t  be c o n s i d e r e d  as only qua l i t a t i ve  s i n c e  t h e r e  is  a 
t i m e  de lay  in c o m m u n i c a t i n g  the  fa l l ing  p r e s s u r e  f r o m  the  p i s t on  to the  
p r o j e c t i l e  a long d o w n s t r e a m  c h a r a c t e r i s t i c  l i n e s .  C o m p a r i s o n  of m e a s -  
u r e d  to c a l c u l a t e d  l aunch  v e l o c i t i e s  p r o v i d e s  a c o r r e l a t i o n  wi th  the  m a s s  
p a r a m e t e r  which  wi l l  p e r m i t  s o m e  r e a s o n a b l e  l o w e r  l i m i t  to be se t  fo r  
d e s i g n  p u r p o s e s .  

PROJECTILE INITIAL MOTION 

The p r o j e c t i l e  wil l  u sua l l y  beg in  to m o v e  u n d e r  the  f o r c e  of the  
f i r s t  r e f l e c t e d  o v e r p r e s s u r e  (P,) when  the i nc iden t  shock  a r r i v e s  at the  
end of the  pump tube.  A r i g o r o u s  c o m p u t a t i o n  of the d i s t a n c e  the  p r o -  
j e c t i l e  m o v e s  b e f o r e  the  p r e s s u r e  m a x i m u m  o c c u r s  is  d i f f icul t ;  h o w e v e r ,  
a s i m p l e  a n a l y s i s  is p o s s i b l e  wh ich  shows  the  f u n d a m e n t a l s  of the  p h e -  
n o m e n o n .  The  wave  p lane  is shown be low:  

8to.  I Pi 

r - -  p 

/ ~ P r o j e c t i l e  

v I 

The t i m e  i n t e r v a l  (..~t) b e t w e e n  the a r r i v a l s  of the  two f i r s t  s h o c k s  is 
t a k e n  as the  e s s e n t i a l  m e a s u r e  of the  p r o b l e m .  It is a s s u m e d  (a) tha t  
the  i nc iden t  shock  and p r o j e c t i l e  path have  cons t an t  s p e e d s  o r i g i n a t i n g  
at the  beg inn ing  of the  pump tube and (b) that  the  s h o c k s  (2)- (3) and 
(3)- (4) a r e  s t r a i g h t .  M e a s u r e m e n t s  of the  t i m e  b e t w e e n  the  a r r i v a l  
of the  f i r s t  shock  and peak  p r e s s u r e  a r e  in r e a s o n a b l e  a g r e e m e n t  with 
the  above s i m p l i f i c a t i o n .  

R e f e r r i n g  to the  d i a g r a m  above,  the shock  s p e e d s  (us,, us2, and usa) 
r e f e r  to the inc iden t ,  f i r s t  r e f l e c t e d ,  and s e c o n d  r e f l e c t e d  waves .  The  
t i m e  of a r r i v a l  of the  inc iden t  shock  is 

I . p  
t I --  

s e s l  

1 9  
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and  at  t h i s  t i m e  t h e  p i s t o n  is  at  t he  l o c a t i o n  (Spx : Up t, - ~p) .  T h e  t i m e  
i n t e r v a l  (At) b e t w e e n  s h o c k  a r r i v a l s  a t  t h e  e n d  of t h e  p u m p  t u b e  i s  

A t  : - -S4 
u s 2  ~ Up + .,-:: 

up ___~_ 1 
= ,~p ( 1 -  u s 1 / ( 1  ) (u.  - us= Up + u--'~-,) 

= a I fAt  a 1 

T h e  s h o c k  v e l o c i t i e s  a r e  g i v e n  by 

U p  = I "~ y -  I ( u s  n - 

T h e  d i m e n s i o n l e s s  f u n c t i o n  of up/a~ c a n  be  r e a d i l y  c a l c u l a t e d  f o r  an  
i d e a l  g a s  a n d  i s  s h o w n  in  F i g .  10 f o r  h e l i u m .  

- n )  ~-~"n' (n indicates the n-th shock) 

T h e  i n i t i a l  m o t i o n  of t h e  p r o j e c t i l e  i s  t he  r e s u l t  of  t h e  r e f l e c t e d  
s h o c k  c o n d i t i o n s  (3). T h i s  is  d e r i v e d  f r o m  t h e  i n t e r i o r  b a l l i s t i c s  a n a l y -  
s i s  a s  i n  F i g .  7. 

mM asl It ( P ' A L  At~  ft = i ('t) ' 
ASM ffi Ps AL mM as \ / 

A U M - - a ' f u  I" PSALrnM as 2 &s 1 
fu = ~ ( i )  

T h e s e  w i l l  be  n o n - d i m e n s i o n a l i z e d  to  t he  f o r m  w h i c h  c a n  be  c o m p a r e d  
to  t h e  c o o r d i n a t e s  d i s c u s s e d  p r e v i o u s l y ,  i . e .  

- u - PF AL PF AL t , s = s , and ~ = 
aF m M aF i mM a F 

T h e n  

• (up) A't _- ~ P f a t  a, 

= ~it. ~ fat ax 
~ L  

A~M -_ P...._Y.F ( a s ~  ft /. Ps aF 
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The  c r i t e r i o n  for  c o r r e l a t i o n  of the e f fec t  of in i t i a l  p r o j e c t i l e  m o t i o n  is 
t aken  as 

As A~' 
JL ~L 

which  is a p p r o x i m a t e l y  the f r a c t i o n  of the  l aunch  tube t r a v e r s e d  by the 
p r o j e c t i l e  be fo re  peak p r e s s u r e  is ob ta ined  in the  pump tube.  

EVALUATION OF EXPERIMENTAL RESULTS 

An e s s e n t i a l  a s p e c t  of the  p r e s e n t  a n a l y s i s  of t w o - s t a g e  l a u n c h e r  
p e r f o r m a n c e  is the  e m p i r i c a l  e v a l u a t i o n  of the  e f f ec t s  of in i t i a l  p r o -  
j e c t i l e  m o t i o n  and p i s ton  r e v e r s a l .  A l a u n c h e r  was  a s s e m b l e d  us ing  
as the  f i r s t  s t age  a 4 0 - m m ,  H~-02-He c o n f i g u r a t i o n  of NOL des ign .  
P u m p  tube l e n g t h s  w e r e  20 .5  ft and 10.5  ft with a d i a m e t e r  of 1 .58 in. 
In i t ia l ly ,  a 2 0 - m m  launch  tube l i n e r  was  used ;  h o w e v e r ,  c a l c u l a t i o n s  
of f inal  v o l u m e  i n d i c a t e d  that  the  pump tube was  too s m a l l .  T h e r e f o r e ,  
0 . 5 0 - i n .  - b o r e  l a u n c h  tubes  8 to 13 ft in l eng th  w e r e  u s e d  in al l  the  t e s t s .  
Dur ing  the p r o g r a m  of t e s t i n g ,  p r e l i m i n a r y  h y d r o g e n  t h e r m o d y n a m i c "  
da ta  b e c a m e  ava i l ab l e  f r o m  the  B u r e a u  of S t anda rds ,  which  m a d e  it 
p o s s i b l e  to compu te  l a u n c h e r  p e r f o r m a n c e  s i m i l a r l y  to the  m e t h o d  fo r  
h e l i u m  out l ined.  Much l o w e r  f inal  t e m p e r a t u r e s  r e s u l t e d  fo r  h y d r o g e n  
c o m p a r e d  wi th  h e l i u m ,  and it was  found that  the e f fec t  of f ina l  t e m -  
p e r a t u r e  in the  pump tube could  be i so l a t ed .  

The  c h a m b e r  p r e s s u r e  upon which  p i s t o n  v e l o c i t y  is b a s e d  is 
m e a s u r e d  wi th  a Norwood  bonded  s t r a i n - g a g e  p r e s s u r e  t r a n s d u c e r .  
Dur ing  the  p r o g r a m ,  d e v e l o p m e n t  of h i g h - p r e s s u r e  s e c t i o n  p r e s s u r e  
g a g e s  p r o g r e s s e d  to the  point  that  the l a s t  few t e s t s  i n c l u d e d  a s t r a i n -  
gage  tube type  that  could  be c a l i b r a t e d  to 185,000 psi .  Also ,  R o d m a n  
c o p p e r  c r u s h e r  g a g e s  a p p e a r e d  to g ive  r e a s o n a b l e  r e s u l t s  when  the  
p i s t on  a r e a  was  r e d u c e d  so  that  t a r a g e  t a m e  c a l i b r a t i o n  was app l i cab le .  
Suff ic ient  data  a r e  not ye t  ava i l ab l e  to v e r i f y  t h e o r e t i c a l  d e t e r m i n a t i o n  
of m a x i m u m  p r e s s u r e s ;  h o w e v e r ,  s t r a i n  gages  on the  Outside of the  h igh  
p r e s s u r e  s e c t i o n  and m e a s u r e m e n t s  of y i e l d i n g  of the  b o r e  a r e  c o n s i s t e n t  
wi th  the  c a l c u l a t e d  p r e s s u r e .  R e c o r d i n g  of c h a m b e r  p r e s s u r e  was  done 
on a Midwes t  o s c i l l o g r a p h  wi th  g a l v a n o m e t e r s  hav ing  about 300 -cps  f r e -  
quency  r e s p o n s e .  T i m e  r e s o l u t i o n  was about 0 . 2  m s e c  on the  p a p e r  
t r a c e s .  

Ve loc i ty  m e a s u r e m e n t  was  b a s e d  on four  i n d e p e n d e n t  s y s t e m s :  (1) 
a B e c k m a n - W h i t l e y  Model  192, h i g h - s p e e d  f r a m i n g  c a m e r a  with 
0 . 1 - p e r c e n t  o r  b e t t e r  v e l o c i t y  d e t e r m i n a t i o n ,  (2) l igh t  d e t e c t o r  t r i g g e r  
un i t s  w h o s e o u t p u t  was  d i s p l a y e d  on a scope  wi th  about 2 ° p e r c e n t  r e s o l u -  
t ion,  (3) s p a r k  s h a d o w g r a p h s  f r o m  s t a t i o n s  45 ft apa r t  - -  1 0 - m e g a c y c l e  
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c o u n t e r s  w e r e  u s e d  to d e t e r m i n e  the  i n t e r v a l  b e t w e e n  s p a r k s ,  and (4) 
four  to s ix  w i r ~  g r i d s  d i s t r i b u t e d  a long  the  100-f t  r ange•  the  outputs  
of which  w e r e  u s e d  to s t a r t  and s top  c o u n t e r s .  In add i t ion ,  an i n d e -  
penden t  t i m e  b a s e  was  e s t a b l i s h e d  fo r  the  s p a r k s  and b r e a k  w i r e s  by 
u se  of t ape  r e c o r d i n g  and s low p layback  which  p e r m i t s  t i m e  r e s o l u t i o n  
of about 3 m i c r o s e c o n d s .  At l e a s t  two i n d e p e n d e n t  m e t h o d s  w e r e  r e -  
q u i r e d  fo r  the  round  to be c o n s i d e r e d  s u c c e s s f u l .  

In T a b l e  I,  a s e r i e s  of r ounds  is  g iven  in which  m o s t  of the p h y s i -  
ca l  p a r a m e t e r s  of the  l a u n c h e r  a r e  v a r i e d .  M e a s u r e d  l a u n c h  v e l o c i t i e s  
a r e  c o m p a r e d  wi th  t h o s e  c o m p u t e d  to p r o v i d e  a b a s i s  fo r  c o r r e l a t i o n .  
P i s t o n  v e l o c i t i e s  w e r e  c a l c u l a t e d  fo r  the  f r a c t i o n  of c o m p l e t e  c o m b u s t i o n  
d e t e r m i n e d  f r o m  c h a m b e r  p r e s s u r e  by a m e t h o d  s i m i l a r  to that  of Ref. 3. 

The  in i t i a l  p r o j e c t i l e  m o t i o n  ( ~ - ~ ) ,  p i s t on  r e v e r s a l  parameter(m~-. :AL) 
Ap • 

and f inal  t e m p e r a t u r e  a r e  t abu la ted .  F i g u r e  1 l a  shows  the  r a t i o  of 
m e a s u r e d  to c a l c u l a t e d  l a u n c h  v e l o c i t y  as  a func t ion  of e a c h  of t h e s e  
quan t i t i e s .  

C a re fu l  e x a m i n a t i o n  of Fig.  1 l a  r e v e a l s  t r e n d s  that  a r e  not s u p e r -  
f i c i a l l y  obvious .  The  r o u n d s  in which  h y d r o g e n  was the  p r o p e l l a n t  w e r e  

a f f ec t ed  a l m o s t  s o l e l y  by the  in i t i a l  p r o j e c t i l e  m o t i o n  ~ s i n c e  the  

f inal  t e m p e r a t u r e  was  low (2000 to 3000°K) and th'e p i s t on  m a s s  p a r a m e t e r  
was  wel l  above 3. The  g r o u p  of rounds ,  140 to 143, w e r e  c h a r a c t e r i z e d  
by a low p i s ton  r e v e r s a l  p a r a m e t e r .  Al though the  t r e n d  was not a d e -  
qua t e ly  def ined•  the  l o w e s t  v e l o c i t y  r a t i o  a l so  has  the  l o w e s t  va lue  of the  
p a r a m e t e r .  The  r e m a i n d e r  of the  h e l i u m  r o u n d s  had  a wide  r a n g e  of 
f ina l  t e m p e r a t u r e s  and in i t i a l  m o t i o n  p a r a m e t e r .  The  f o r m e r  a p p e a r e d  
to have  the  d o m i n a n t  e f fec t ,  e i t h e r  t h r o u g h  hea t  t r a n s f e r  f r o m  the  p r o -  
pe l l an t  o r  b e c a u s e  of c o n t a m i n a t i o n  f r o m  v a p o r i z i n g  the  wa l l s  of the  
l a u n c h e r .  A s i m p l e  e m p i r i c a l  f o r m u l a  of the  fo l lowing  f o r m  was  deduced•  
with TF in °K• 

0.4 ~ . A s ~  s - s  
Ucalc" = 1 - {=P A L  ~= -- 7.4 ~- -~  / - 3 (TF - 2000) x I0 

Th i s  was  then  app l i ed  to the  c a l c u l a t e d  da ta  and c o m p a r e d  wi th  the  e x p e r i -  
m e n t a l  r e s u l t s  as shown in Fig .  11b. L i n e s  of 1 0 - p e r c e n t  d e v i a t i o n  f r o m  
the  c o r r e l a t i o n  a r e  g iven ,  i nd i ca t i ng  tha t  m o s t  of the  po in t s  fal l  wi th in  
about  6 p e r c e n t .  T h e r e  is a r e a s o n a b l e  exp l ana t i on  fo r  m o s t  of t h o s e  
po in ts  wh ich  show a l a r g e  d e v i a t i o n  f r o m  the  c o r r e l a t i o n :  (a) No. 142 and 
143 p r o j e c t i l e s  w e r e  m a d e  of a l u m i n u m  and had a s h e a r  out s t r e n g t h  
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which  was a p p r e c i a b l y  h i g h e r  than  any of the  o t h e r  r ounds  - -  the  in i t i a l  
p r o j e c t i l e  m o t i o n  m a y  t h e r e b y  have  b e e n  r e s t r i c t e d ,  (b) No. 146 had a 
v e r y  high m a x i m u m  p r e s s u r e  (Pf > 300,000 psi) , and the  h igh  p r e s s u r e  
s e a l  f a i l ed  t end ing  to l o w e r  l aunch  ve loc i t y ,  (c) No. 154 was the  only 
round  to have  a p l a s t i c  e n t r a n c e  to the l aunch  tube,  and it is b e l i e v e d  
that  ab la t ion  of th i s  e l e m e n t  c o n t r i b u t e d  to low ve loc i t y ,  and (d) No. 156 
is an a n o m a l y  in that  the  r e c o r d e d  c h a m b e r  p r e s s u r e  (upon which  the  
c a l c u l a t e d  v e l o c i t y  was  based)  i n d i c a t e d  m o r e  p r e s s u r e  than  would  be 
p r o v i d e d  by 1 0 0 - p e r c e n t  c o m b u s t i o n  in a c l o s e d  c h a m b e r .  In c a l c u l a t i n g  
the  ve loc i ty ,  1 0 0 - p e r c e n t  c o m b u s t i o n  was  a s s u m e d . . I t  is s u s p e c t e d  
tha t  the  t r a n s d u c e r  c a l i b r a t i o n  was  e r r o n e o u s  and tha t  the  c a l c u l a t e d  
v e l o c i t y  was  too  h igh .  

Tab le  2 is  an a t t e m p t  to c o r r e l a t e  the  NASA A m e s  l a u n c h e r  (Ref. 1) 
by the, s a m e  e m p i r i c a l  f o r m u l a  tha t  was  d e r i v e d  f r o m  the  AEDC data.  
The  p r o p o r t i o n s  of the  f o r m e r  a r e  m o r e  f a v o r a b l e  b e c a u s e  of i t s  l a r g e r  
pump tube and in i t i a l  p r o j e c t i l e  m o t i o n  was  a lways  l e s s  than  10 p e r c e n t  
of the  l aunch  tube l eng th .  The  c o r r e l a t i o n  f o r m u l a  d e v e l o p e d  above  
was app l i ed  to the  da ta  with the  r e s u l t s  shown in Fig .  12. In the  c a l c u -  
l a t e d  p e r f o r m a n c e  of the  A m e s  l a u n c h e r ,  it  was  a s s u m e d  that  the  p i s t on  
v e l o c i t y  was  r e l a t e d  to c h a m b e r  p r e s s u r e  as ff 1 0 0 - p e r c e n t  c o m b u s t i o n  
of a H2-02-]le m i x t u r e  w e r e  used .  R o d m a n  g a g e s  w e r e  u s e d  to ob ta in  
c h a m b e r  p r e s s u r e s ,  and an a v e r a g e  of r e a d i n g s  at each  end of the  
c h a m b e r  was  t a k e n  for  the  c a l c u l a t i o n s .  The  ac tua l  p i s ton  v e l o c i t y ,  
r e p e a t a b i l i t y  and a c c u r a c y  of the gage  r e a d i n g s  a r e  not known.  Round 
No. 91, which  is f a r  off the  c o r r e l a t i o n  l ine ,  had  only hal f  the  p i s t o n  

~mP AL~ 
reversal parameter \mM Ap/ of the lowest value used in the formula 

d e r i v a t i o n .  It is t h e r e f o r e  p robab le  that  the  s e c o n d  t e r m  o v e r e s t i  ~- 

m a t e s  the  p i s ton  r e v e r s a l  e f fec t  at v e r y  low v a l u e s  of mp A L 
m M Ap 

The fact  that  the  e m p i r i c a l  f o r m u l a  p e r m i t s  p r e d i c t i n g  the  p e r f o r m -  
ance  wi th in  10 p e r c e n t  fo r  the  AEDC l a u n c h e r  with a l a r g e  v a r i a t i o n  in 
g e o m e t r y  and a l s o  fo r  the A m e s  R e s e a r c h  C e n t e r  con f igu ra t i on ,  which  
has  an a p p r e c i a b l y  d i f f e r e n t  c o n f i g u r a t i o n ,  l e a d s  to the  c o n c l u s i o n  that  
the  m a g n i t u d e s  of al l  the  i m p o r t a n t  p h y s i c a l  v a r i a b l e s  have  b e e n  d e t e r -  
m i n e d .  It is  i m m e d i a t e l y  a p p a r e n t  that  l i m i t s  can be s e t  fo r  d e s i g n  of 
th i s  type of l a u n c h  s y s t e m .  If the  d e l e t e r i o u s  e f f ec t s  of p i s t o n  r e v e r s a l  
and in i t i a l  p r o j e c t i l e  m o v e m e n t  a r e  e a c h  to be l i m i t e d  to one  p e r c e n t  of 

l a u n c h  ve loc i t y ,  the  p a r a m e t e r s ,  ~mM Ap] m u s t  exceed. 6 and :~s , 

m u s t  be l e s s  than  0 .1 .  B e c a u s e  of t h e s t r o n g  a d v e r s e  e f fec t  o f  r a i s i n g  
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prope l lan t  t e m p e r a t u r e ,  the a t t a inment  of much h ighe r  ve loc i t i e s  us ing  
he l ium does not appear  p romis ing .  On the o ther  hand, the t e m p e r a t u r e  
of hydrogen  can be r a i s e d  by a fac to r  of two with only about a 10-pe rcen t  
l o s s  in ve loc i ty  r e s u l t i n g  f r o m  heat  t r a n s f e r  phenomena.  T h e r e f o r e ,  a 
potent ia l  of about 30 -pe rcen t  i n c r e a s e  over  c u r r e n t l y  achieved m a x i m u m  
ve loc i ty  may  be an t ic ipa ted  with the two- s t age  l a u n c h e r  configurat ion.  

DESIGN PROCEDURE FOR LAUNCHER 

The des ign  of the l a r g e  sca l e  l aunche r  was based  upon dupl ica t ing 
or  s l i gh t ly  improv ing  the p e r f o r m a n c e  of the mos t  succes s fu l  of the 
s m a l l  s c a l e  l a u n c h e r s  now in opera t ion .  Th i s  p e r f o r m a n c e  is  r e p r e -  
sen ted  by the l aunche r  d e s c r i b e d  in Ref. 1 and is app rox ima te ly  as 
follows: launch ve loc i ty  of 24,000 f t / s e c  of a one-ha l f  ca l ibe r  l eng th  
p l a s t i c  p ro j ec t i l e  using he l ium in a 265 -ca l i be r  length  launch tube. The 
fol lowing c r i t e r i a  were  t h e r e f o r e  used  to evolve a conse rva t ive  des ign  
configurat ion:  

ao 

b. 
C. 

d. 

P r o j e c t i l e ,  1 - c a l i b e r  p las t ic ;  spec i f i c  g rav i ty ,  
Launch  Tube, 200 -ca l i be r  l eng th  
Launch  Veloci ty ,  25,000 f t / s e c  
P rope l l an t ,  he l ium 

1.15 

F u r t h e r  cons ide r a t i ons  were  to keep the p r e s s u r e s  low enough to avoid 
the use  of exot ic  s t r u c t u r a l  m a t e r i a l s ,  ove ra l l  length  compat ib le  with 
the ex i s t ing  foundat ions in the "GV' F a c i l i t y  launch room,  and the poss ib le  
use  of ava i lab le  o rdnance  tubes.  

F r o m  the p reced ing  a n a l y s i s  it is  evident  that  g e o m e t r i c a l  s i m i l a r -  
i ty ( including p is ton  and pro jec t i l e )  equal p r e s s u r e s ,  and the s a m e  dens i ty  
of p is ton  and p ro j ec t i l e  will  r e s u l t  in the s ame  launch  ve loc i ty  independent  
of sca le .  The s a m e  is  t rue  of s t r e s s  leve l  and the s t r u c t u r a l  design.  It 
is  t h e r e f o r e  n e c e s s a r y  only to d e t e r m i n e  a s a t i s f a c t o r y  geome t ry ,  then 
to sca le  it up to the l a r g e s t  launch tube s i ze  compat ib le  with space  r e q u i r e -  
men t s  and opera t iona l  p rac t i cab i l i t y .  A l a r g e  launch tube is p a r t i c u l a r l y  
d e s i r a b l e  for  winged mode ls  and for  obtaining i n c r e a s e d  launch  ve loc i t i e s  
with s m a l l  models .  

The e f fec t s  of c h a m b e r  p r e s s u r e  ( a s suming  a combust ion  H~-0a-He 
mix ture ) ,  p i s ton  m a s s ,  and pump tube l e n g t h - d i a m e t e r  r a t io  a r e  computed 
by the methods  p r ev ious ly  developed,  and c o m p a r i s o n s  of the r e s u l t i n g  
m a x i m u m  p r e s s u r e ,  in i t ia l  p ro j ec t i l e  motion,  and weight of the dr iv ing  
sec t ion  ( chamber  and high p r e s s u r e  sect ion)  a r e  made.  The pis ton m a s s  
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/ AL) mp 
p a r a m e t e r  ~--MM ~ is  f ixed  at 3 to l i m i t  the  a d v e r s e  e f fec t  of p i s t on  

r e v e r s a l .  The  p r o j e c t i l e  in i t i a l  m o t i o n  p a r a m e t e r ( A s / ~ L ) i s  l i m i t e d  to 
0 .1  on the  b a s i s  of the f o r e g o i n g  e x p e r i m e n t a l  r e s u l t s .  

LAUNCH TUBE REQUIREMENTS 

F i g u r e  6a shows  f inal  pump tube cond i t i ons  (aF/s, vs PF/Pc) c o r -  
r e s p o n d i n g  to v a r i o u s  p i s ton  m a s s  and pump tube c h a r g e  p a r a m e t e r s ,  

2 
e. 1 mp 

C -'=- Pc A p d p  and P* 

(+), 
The  l aunch  tube r e q u i r e m e n t s  wil l  be e x p r e s s e d  in the  s a m e  c o o r d i n a t e  
s y s t e m ,  and by s u p e r p o s i n g ,  the  pump tube is m a t c h e d  to the  l a u n c h  
tube.  The  r e f e r e n c e  l a u n c h  v e l o c i t y ,  (Uo - no c h a m b r a g e ,  in f in i te  
c h a m b e r  l eng th) ,  i s  shown  in Fig.  7. In d i m e n s i o n l e s s  f o r m ,  

u°aF = f (WL) ffi [ ( P F  A~ ~ L ) m M  aF 

o r  PF ALd L ( 1~ )L 
aF 2 m M 

in a m o r e  conven i en t  g r o u p i n g  of t e r m s .  F o r  the c a s e  c o n s i d e r e d  
(~/d)L •. 200 and mM/AL'dL = 1.15 gm/cc. F i g u r e  13 shows  the  r e l a t i o n -  
sh ip  b e t w e e n  a F and PF r e q u i r e d  to p r o d u c e  the  l aunch  v e l o c i t i e s ,  22,000, 
24 ,000  and 25 ,000 f t / s e c .  The  s e v e r a l  v e l o c i t i e s  a r e  c h o s e n  in o r d e r  
that  the  d e s i r e d  v e l o c i t y  of 25 ,000 f t / s e c  can  be d e t e r m i n e d  by i n t e r -  
po la t ion  a f t e r  the  e f fec t  of f in i te  c h a m b e r  g e o m e t r y  is d e t e r m i n e d  f r o m  
the  f inal  v o l u m e  r a t i o  (VF/V,) (Fig.  8). By s e l e c t i n g  two c h a m b e r  p r e s -  
s u r e s  (Pc ffi I 5 , 0 0 0  and 25 ,000 psi) ,  F ig .  13 is  c o n v e r t e d  into the  
c o o r d i n a t e s  of Fig.  6, and the  v a l u e s  of C and PI/Pc d e t e r m i n e d  at the  
i n t e r s e c t i o n  wi th  the  cons tan t  (C) l i n e s .  The  c o r r e s p o n d i n g  v a l u e s  of 
the  fo l lowing  q u a n t i t i e s  a r e  t h e n  r e a d i l y  d e t e r m i n e d :  

C , aF VF - -  , - -  , PF , and up 
a z Vi a% 

The  p i s ton  m a s s  d e n s i t y  (mp/Ap dp) is  f ixed,  and the  pump tube  f i n e n e s s  
r a t i o  is  

PF C 
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The  s i z e  of t h e . p u m p  tube (dp/dL) is next  d e t e r m i n e d  b a s e d  on the  
e m p i r i c a l  p i s ton  r e v e r s a l  p a r a m e t e r :  

mp A L 
ffi 3 

m MAp 

dL mp 
Ap dp 

o r  a l t e r n a t e l y  upon the r e q u i r e m e n t  that  the f inal  v o l u m e  (VF) is l a r g e  
enough to p r o d u c e  a v e l o c i t y  of 25 ,000  f t / s e c ;  i . e .  VF/W c o r r e s p o n d s  
to u/uo ffi 1 (Fig.  8). 

dp V F \ - - -  L 

The  l a r g e r  of the  two v a l u e s  is  chosen ;  ff the  pump tube d i a m e t e r  w e r e  
b a s e d  on the  f i r s t  c r i t e r i o n ,  u/uo would be d i f f e r e n t ' f r o m  1. In t h i s  c a s e ,  
an i n t e r p o l a t i o n  is m a d e  to f ind the  cond i t i ons  c o r r e s p o n d i n g  to the  r e -  
q u i r e d  l a u n c h  v e l o c i t y  of 25 ,000  f t / s e c .  The  c a l c u l a t i o n  of in i t i a l  p r o -  
j e c t i l e  m o v e m e n t  (AS/JL and PF) as func t ions  of pump tube l e n g t h /  
d i a m e t e r  r a t i o  is m a d e  as p r e v i o u s l y  d i s c u s s e d .  

EFFECT OF PHYSICAL VARIABLES 

In o r d e r  to a r r i v e  at a c o m p a r i s o n  of c o n f i g u r a t i o n s  b a s e d  on cos t ,  
the  v o l u m e  of the d r i v e r  s e c t i o n  ( c h a m b e r ,  pump  tube,  and h i g h - p r e s s u r e  
sec t ion)  in t e r m s  of l a u n c h  tube v o l u m e  is compu ted .  The  wal l  t h i c k n e s s  
is b a s e d  on Fig .  14 w h e r e  the  r a t i o  of i n t e r n a l  p r e s s u r e  to m a x i m u m  
t angen t i a l  s t r e s s  is shown  as a func t ion  of OD/ID for  t w o - d i m e n s i o n a l  
c y l i n d e r s  wi th  an o p t i m u m  t w o - s h e l l  s h r i n k  fit  a s s e m b l y .  A y i e l d  s t r e s s  
of 120,000 ps i  is a s s u m e d ,  and the  p r e s s u r e  in  the  c h a m b e r  and pump 
tube is  25 ,000  psi .  The  l e n g t h  of the h i g h - p r e s s u r e  s e c t i o n  of the  pump 
tube is b a s e d  on the  v o l u m e  r a t i o  (VF/~I) T h i s  g ives  the  fo l lowing  
f o r m u l a :  

(--.;), ,......., 

/"°V 
+ - 1  

',,",/J 
25 ~000 p l l i l l  
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In F igs .  15 ano 16, the  r e s u l t s  of the  f o r e g o i n g  ca l cu l a t i ons  a r e  p r e -  
s e n t e d  fo r  p i s ton  d e n s i t i e s ,  mp/Ap ap - 0 .86  and 1 .15  g m / c c ,  and c h a m -  
b e r  p r e s s u r e s , P c  - 1 5 ,  000 and 25, 000 psi .  The  axis  of a b s c i s s a s  is  
l e n g t h / d i a m e t e r  r a t i o  of the  pump tube.  

SELECTION OF LAUNCHER CONFIGURATION 

E x a m i n a t i o n  of F igs .  15 and 16 shows  a s h a d e d  r e g i o n  in wh ich  the  
d e s i r e d  p e r f o r m a n c e  can  be obta ined .  F i g u r e  15 is  for  the  m i n i m u m  
weight  p i s ton*  and Fig.  16 fo r  1 -1 /3  t i m e s  the  m i n i m u m  weight .  The  
b o u n d a r i e s  of the  r e g i o n  a r e  t a k e n  as an in i t i a l  p r o j e c t i l e  m o t i o n  of 
10 p e r c e n t  of the l aunch  tube l e n g t h  and a peak  p r e s s u r e  of 200 ,000  psi .  
C h a m b e r  p r e s s u r e s  of 15,000 and 25 ,000  ps i  a r e  c o n s i d e r e d  a r e a s o n -  
able  o p e r a t i n g  r ange .  In g e n e r a l ,  l o n g e r  pump tubes  and l i g h t e r  p i s t ons  
r e s u l t  in l o w e r  p e a k  p r e s s u r e s ,  but g r e a t e r  in i t i a l  m o t i o n  of the  p r o -  
j e c t i l e .  P u m p  tubes  (~/d) f r o m  48 to about 60 a r e  a c c e p t a b l e  wi th  the  
l i g h t e s t  p i s ton  and only  80 wi th  the  h e a v i e r .  The  pump tube d i a m e t e r  
to l aunch  tube d i a m e t e r  r a t i o  is 4 fo r  the  l igh t  p i s t on  and 3 fo r  the  heavy  

/i ~ m p  A L 
p i s t on  in o r d e r  to p r o v i d e  a p i s ton  m a s s  p a r a m e t e r  ~--~--~. ] of 3. The  

pump tube would  f r o m  192 to 240 l a u n c h  tube d i a m e t e r s  for  the  l igh t  
p i s ton  and 240 for  the  h e a v i e r  one,  8o that  the  f o r m e r  would  r e s u l t  in a 
s h o r t e r  o v e r a l l  l a u n c h e r .  The  we igh t  of the  d r i v e r  ( c h a m b e r  + pump 
tube) is tw ice  that  fo r  the  h e a v i e r  p i s ton  conf igura t ion ,  h o w e v e r .  The  
cos t  of the l igh t  p i s t on  v e r s i o n  would  t h e r e f o r e  be about tw ice  as m u c h  
fo r  the  d r i v e r  s ec t i on .  A f u r t h e r  i n c r e a s e  in p i s ton  weight  would  not be 
p r a c t i c a b l e  b e c a u s e  of the  l i m i t a t i o n  on c h a m b e r  p r e s s u r e ,  wh ich  cannot  
be c l o s e l y  c o n t r o l l e d .  The  l i m i t s  fo r  the  d e s i r e d  c o n f i g u r a t i o n  t h e r e f o r e  
fal l  b e t w e e n  190 and 240 l a u n c h  tube d i a m e t e r s  fo r  the  pump tube l eng th ,  
and p i s ton  weigh t  b e t w e e n  0 .75  and I c a l i b e r  l e n g t h  p las t i c .  The  pump 
tube b o r e  shou ld  be t h r e e  to four  t i m e s  the  l a u n c h  tube bore .  

The  ava i l ab i l i t y  of 8- in .  Naval  r i f l e  l i n e r s ,  which  had b e e n  au to -  
f r e t t a g e d  to about 60 ,000  psi ,  m a d e  it a t t r a c t i v e  e c o n o m i c a l l y  to d e s i g n  
a round  t h e m  as a pump tube.  An (~/d)p of 52 .75  is  p o s s i b l e ,  which  fa l l s  
wi th in  the  d e s i r a b l e  r a n g e  for  a 2- in .  - d i a m  l aunch  tube and the  m i n i m u m  
weigh t  p is ton .  A 120-g in  p r o j e c t i l e  could  t h e r e f o r e  be l a u n c h e d  f r o m  a 
2 0 0 - c a l i b e r  l a u n c h  tube at 25 ,000 f t / s e c  u s ing  h e l i u m  as  a p rope l l an t .  

*A m i n i m u m  weigh t  p i s t on  is a s s u m e d  to have  the  m a s s / a r e a  of a 
0 . 7 5 - c a l i b e r  l e n g t h  p l a s t i c  cy l i nde r .  Th i s  l i m i t  is  b a s e d  upon 
e x p e r i e n c e  with s t ab i l i t y  and s t r u c t u r a l  i n t e g r i t y  of p r o j e c t i l e s  of 
h igh v e l o c i t y .  
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It was  d e c i d e d  h o w e v e r  to c o n s t r u c t  the  l a u n c h e r  wi th  a 2 . 5 - i n .  - b o r e  
l aunch  tube (Fi~. 17) which  would  r e s u l t  in l o w e r  ve loc i t y .  But s i n c e  it i s  
known that  an a p p r e c i a b l e  i n c r e a s e  in p e r f o r m a n c e  wi l l  r e s u l t  f r o m  the  
u se  of h y d r o g e n  as  a p r o p e l l a n t  and that  an i n c r e a s e  in l e n g t h  of the  l a u n c h  
tube to 250 o r  m o r e  c a l i b e r s ,  a c c e p t a b l e  v e l o c i t i e s  would  be a t t a ined .  

ESTIMATED PERFORMANCE OF THE LAUNCHER 

F i g u r e  18 shows  the  l aunch  v e l o c i t i e s  c a l c u l a t e d  fo r  the  2 0 0 - c a l i b e r ,  
2 . 5 - i n .  l a u n c h  tube  us ing  h e l i u m .  H e r e  the  e f f ec t s  of p i s t on  weight ,  
c h a m b e r  p r e s s u r e ,  and f r a c t i o n  of c o m p l e t e  c o m b u s t i o n  a r e  ev iden t .  
As a c o n s e r v a t i v e  n o m i n a l  p e r f o r m a n c e  fo r  a m a x i m u m  p r e s s u r e  of 
9.00,000 p s i  ( the c h a m b e r  p r e s s u r e  is t a k e n  as  20, 000 psi ,  c h a r g e  p r e s -  
s u r e  200 ps i ,  p i s t on  1 - c a l i b e r  p l a s t i c ,  and c o m b u s t i o n  7 5 - p e r c e n t ) ,  a 
l aunch  v e l o c i t y  of 23, 000 f t / s e c  is  a n t i c i p a t e d .  With a 0 . 7 5 - c a l i b e r  
p i s t on  and  1 0 0 - p e r c e n t  c o m b u s t i o n ,  24, 000 f t / s e c  is ob ta ined .  As the  
b o u n d a r y  (AS/~L) is c r o s s e d  wi th  i n c r e a s i n g  c h a r g e  p r e s s u r e ,  the  v e l o c -  
i ty  w i l l  be  l e s s  than  shown as i n d i c a t e d  in F i g .  11. 

The actual launcher will use gunpowder - heated helium or hydrogen 
in the chamber. Preliminary experiments and Ames Center and AEDC 
data indicate that the same piston velocities are obtainable with gun- 
powder - heated helium as with the H2-0,-He first stage. 

COHCLUDIHG REMARKS 

A 2.5-in. -bore launcher has been designed capable of launching a 
230--gin projectile in excess of 20,000 ft/sec. This launcher will be 
installed in the Arnold Center 1000-ft aeroballistic range designated 

• # 

Facility "G" of the yon Karman Gas Dynamics Facility. The design 
is considered to represent the present state of development of model 
launchers. Electrical energy augmentation systems presently under 
study on Air Force contracts may provide means for appreciably im- 
proving launch velocities. These methods rely on use of a launcher 
of the type discussed here as the basic equipment to which augmenta- 
tion stages are added. It appears, therefore, that the present design 
not only fulfills the requirement for the initial launcher, but provides 
for growth potential. 

The  u s e  of h e l i u m  in the  p e r f o r m a n c e  c o m p u t a t i o n s  is c o n s i d e r e d  
to be c o n s e r v a t i v e  in  that  two s i m p l e  m e t h o d s  of i m p r o v i n g  the  l aunch  
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v e l o c i t y  a r e  ava i l ab le .  The  subs t i t u t i on  of h y d r o g e n  for  h e l i u m  in the 
pump tube y i e l d s  b e t w e e n  10 and 20 p e r c e n t  i n c r e a s e  in ve loc i ty .  Study 
of the  e f fec t  of p r e - h e a t i n g  h e l i u m  to 600°K in the  pump tube i n d i c a t e s  
that  f r o m  10 to  15 p e r c e n t  m o r e  v e l o c i t y  may  be ob ta ined  (the m a x i m u m  
p r e s s u r e  be ing  the  s a m e  in both  c a s e s ) .  In addi t ion ,  t h e r e  is e v i d e n c e  
that  i n c r e a s i n g  l aunch  tube l eng th  beyond  200 c a l i b e r s  wil l  r e s u l t  in 
h i g h e r  l a u n c h  v e l o c i t i e s  (at l e a s t  up to 250 c a l i b e r s ) .  

The  e f fec t  of f inal  t e m p e r a t u r e  has  not b e e n  i nc luded  in the  p e r f o r m -  
ance  e s t i m a t e s  fo r  the  l a u n c h e r  ( shown in  Fig.  18) and the  e x p e r i m e n t a l  
c o r r e l a t i o n  r e f e r r e d  to i n d i c a t e s  that  a v e l o c i t y  l o s s  up to 15 p e r c e n t  
wi l l  o c c u r  if h e l i u m  is u s e d  as the  p rope l l an t .  
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Round Pc Pl 
No. (psi) (psi) 

TABLE 2 

AMES RESEARCH CENTER20-MM LAUNCHER 

72 11,400 200 

74 14,500 250 

76s 17,300 250 

79s 19,700 250 

172s 9,200 300 

72s 17,100 300 

70 13,000 300 

162s 20,000 300 

57 15,100 300 

131s 18,600 300 

90 14,300 250 

88 21,700 250 

91 22,500 300 

(~/d) L = 266 

| 

(Ref. 1) 

mp m (gm) (graM) Uexp Uexp__. 
( f t / sec )  Ucalc 

127 4.81 17,850 0.85 

127 4.81 18,650 0.87 

127 4.81 18, 800 0.82 

127 4.81 19,500 O. 76 

127 4.81 15,300 O. 86 

127 4.81 18,600 O. 88 

85 4.81 16,370 O. 90 

127 6.43 18,000 O. 86 

127 8.60 17,380 0.97 

160 9.44 15,500 0.80 

127 2.46 22,670 0.93 

127 3.46 21,840 0.82 

127 17.95 11,600 0.70 

d L = 0. 766" dp = 2 .25"  d c = 

17' _L_ lO' _1_ 7. s'--~ 

u ,  - o   i,i!;it 
Pump Tube Chamb 

- -  P i s t o n ~  Powder  

I - -  

I- 

Launch Tube 

P r o j e c t i l e  

mpA L A s / I  L T F 
mMA p °K 

3.07 0.055 5,400 

3.07 0.062 5,200 

3.07 0.061 5,800 

3.07 0.061 7,000 

3.07 0.078 3,800 

3.07 0.071 4,900 

2.05 0.070 3,800 

1.89 0.058 5,300 

1.71 0.059 4,500 

1.97 0.046 5,400 

5.99 0.091 5,200 

4.26 0.071 6,800 

0.82 0.040 5,900 

4" 

Note: P is ton  ve loc i ty  ca lcu la ted  a s suming  H=-O=-He d r i ve r ,  100-percen t  combust ion  
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Fig. 18 Estimated Performance of Launcher 
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